Results from the development of a novel type of anode for electrowinning Mg are reported. A tailored alloy system based on the binary Cu-Al can be made to forma tlin alumina layer on its surface that is relatively impervious to attack by the molten chloride melt at high temperature. This barrier is thin enough (5-50nm) to conduct electrical current without significant IR loss. As the layer slowly dissolves, the chemical potential developed at the surface drives the diffusion of aluminum from the bulk alloy to reform (heal) the protective alumina layer. In this way, an anode that generates Clz (melt electrolysis) and 02 (wet feed hydrolysis) and no chlorocarbons can be realized. Further, we expect the rate of loss of the anode to be dramaticallyy less than the coke-derived carbon anodes typically in use for this technology, leading to substantial cost savings and ancillary pollution control by eliminating coke plant emissions, as well as eliminating chlorinated hydrocarbon emissions from Mg electrowinning cells.
Introduction
The development of inert (non-carbon) anodes for the electrolytic production of magnesium is recognized to be of importance in the metals industry. First, the cost and pollution associated with coke plant caxbon electrode production can be eliminated. Second, since an inert anode would be dimensionally stable, cells could be redesigned to reduce the anode-cathode distance and therefore IR loss. Finally, unwanted C02 and chlorinated hydrocarbon (CHC) emissions from the cell can be eliminated if there is no carbon source. Due to the adverse environmental significance of CHCS, they are discussed in a separate section beIow, followed by a section describing our approach to developing an inert anode.C hlorinated hydrocmbons (CHCS) are a broad group of organic compounds that contain at least one chlorine atom. There are a number of subgroups of CHCS that are classified according to their generrd molecular arrangement. The most important CHC subgroups with regard to magnesium production are [l] :
Chlorophenols, containing one benzene ring, at least one hydroxyl (OH) group and at least one substituted chlorine atom.
Chlorobenzenes, containing one benzene ring and at least one substituted chlorine atom. The most important compound with regard to magnesium production is hexachlorobenzene (HCB).
Another important chlorobenzene is pentachlorobenzene (5CB).
Polychlorobiphenyls (PCBS), containing 2 benzene rings and at least one substituted chlorine atom.
Polychlorinated dibenzofurans (PCDFS), containing 2 benzene rings linked by an oxygen atom in a furan arrangement and at least one substituted chlorine atom.
Polychlorinated dibenzo-p-dioxins (PCDDS), containing 2 benzene rings linked by 2 oxygen atoms in a dioxin arrangement and at least one substituted chlorine atom.
Octochlorostyrene (OCS).
In general, CHCS are considered to be toxic. The compounds are highly lipophilic (soluble in fat), tend to bioaccumulate in the food
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There appears to be a general lack of understanding of the mechanisms of formation of CHCS in industrial processes. This is especially the case for the magnesium industry. The focus on dealing with CHCS therefore appears to be concentrated on destruction of the CHCS that form, rather than on controlling and minimizing their formation.
Dellinger [5] prepmed a report that discusses the possible sources of CHCS in the electrolytic production of magnesium. In summary, he concluded that the most probable mechanism for CHC formation is reaction between chlorine from the electrolysis cell and the carbon anodes to form CClt, followed by gas phase reactions with hydrogen and oxygen containing species to form a range of CHCS. Reactions with free carbon were not ru[ed out, but were determined to be of minor importance.
Inert Anode ConceDt
Previous approaches to inert anodes for ahuninum production have not been adopted. Clearly, there are noble metals which could be used but are prohibitively expensive. Ceramic metal composite electrodes have been shown to work, but have poor conductivity and can crack due to the stress of thermal cycling. Coatings are inherently susceptible to damage and undercutting.
In previous studies on ahuninum electrowinning, copper and its alloys have outperformed other metal-based anodes. [6, 7] In the research performed by Hryn and Sadoway, CUA1bhmry rdloys were found to operate as anodes for extended periods of time without significant dksolution.
Recent surface and thin film studies provide insight into the mechanism that could allow the bhary CUA1to function as an inert anode material. Copper alloys such as the ahuninum bronzes have been known for some time to 'self-heal'. These materials form a surface of dramatically different composition than the bulk material, due to the difference in surface free energy of the various components and their oxides [8] . In this case, the more volatile and reactive component, Al, will surface segregate and oxidize to preferentially form a thin A1203 surface oxide. A unique feature of this protective layer is that it is self-limited in thickness. Depletion of rduminum from the near-surface region reduces the supply to the surface until a copper-rich sublayer is formed, effectively stopping further oxidation. (See Figure 1) . Briefly, our approach to an inert anode for electrowinning Mg is to use a copper-ahuninum-based alloy of optimized composition that has undergone an initial hot oxidation treatment. We believe that our approach provides a novel, workable scheme for forming a protective layer on an inexpensive, easily produced, metal alloy. This layer, consisting largely of A1Z03, is resistant to chemical attack by the molten chloride salt under an applied potential, but is thin enowzh to allow for substantial conduction of current from the oxidized surface species. Depending on the water content of the MgC12feed, this protected anode can be expected to operate in two regimes. In a perfectly dry feed, the A120~film is thermodynamically stable and therefore does not dissolve. In a wet feed, there is the possibility of Af203 dissolution at a low rate, but the induced chemical potential and source of oxidation provided by water (or its hydrolyzed components), enhances diffusion of ahrminum from the bulk material. (See Figure 2) .
The aluminum bronzes selected for initial study comprise two binary compositions. These alloys share a number of desirable characteristics for this application, including: The compositions selected are Cu with 17 at.% and 23 at.% Al, which at the cell operating temperature (720°C) represent the a (fee) and B (bee) solid solution phases, respectively. [9] Although the ct phase alloy is stable to room temperature, the @phase is known to separate below 567°C into a mixed ct and y phase. The addition of certain ternary components at concentrations as low as 0.5 at.% is sufficient to stabilize the~phase to room temperature, which has important implications for anodes that are heat treated prior to use.
Experimental Atmroach
Alloys are fortned by repeated melting and mixing in a furnace. We have built a furnace with a purgable atmosphere that can be agitated during heating to facilitate mixing. Alloy blocks of the CUA1(23at.%) binary were purchased for initial melt tests.
We are currently testing the Cu -23 at.% Al with anodes of 100g scale in Ikg melts against plain carbon steel cathodes. The experiment consists of a melt furnace (see Figure 3) with steel containment, an inner qttatz containmentsheath, a qumz beaker for the melt, an o-ring serded aluminum cap with fsxxkhrottghs for thermometry, electrodes (anode, cathode, reference), gas itt/ottL and illumination. An important feature of our cell is the ability into the cell. With the water-cooled cap and hollow stainless steel leads used for the electrodes, less than 3@'C operation cart be maintained at the top of the cell with the melt at 720"C. Computer control of the current source allows I-V measurements to be made.
Melt compositions were typically NaCl (50 wt.%), MgC12 (30 wt.%), CaC12 (19 wt.%), and CaF2 (1 wt.%). High purity anhydrous salts were obtained from Alfa Chemical. Melting and subsequent artode tests were always performed under dry nitrogen or argon purge.
Another important feature of our experiment is the spectroscopic analysis of the off-gas. An argon purge is maintained throughout cell operation. The off-gas flows through two 10cm spectrometer cells, coupled to IR and W-vis spectrometers.
The IR spectrometer is a Mattson Galaxy FTIR that scans over the 4500-400cm"1 range, providing sensitive detection of HC1, C02, H20, and numerous CHCS.
An Ocean Optics SD-2000 W-vis spectrometer is fiber-optically coupled to the second absorption cell that is physically located inside the FI'IR tkune. The W-vis spectrometer is sensitive to electronic absorption for species such as C12 that do not have a dipole moment, and therefore are not measurable in the IR.
A unique facility for studying the formation of thin oxide layers on these alloys and for depth profiling of the residual anode after melt testing is available. Coupled with an X-ray Photoelectron/Auger Spectrometer (XPS/AES) with atrgleresolved and sputter depth profiling is an instrument known as SARISA (surface analysis by resonant ionization of sputtered atoms).
This instrument can accurately measure atomic concentrations while depth-profiling a material, unlike SIMS, which suffers from a substantial matrix effect reducing its ability to quantify insulating layers such as the oxides of interest here. SARISA has recently achieved near part per trillion detection limits, yet can also measure near unity sample concentrations with While accurate depth profiles for short length scales (1-1000nm) can be measured by XPS or SARISA, long-range depth profiles are measured on cross cut samples by energy dispersive x-ray (EDX) spectroscopy.
Surface microstructure has been deterruined for selected samples by scanning electron microscopy. The SEIWEDX instrument is capable of 100nm structure resolution and has 1Yodetection limit for most elements.
The salts in use in the experiments were also analyzed by inductively coupled plasma atomic emission for metal content.
Results
Results for the heat treatment of a set of alloys and melt testing under potential are described. Table 1 shows the surface EDX measurements for three alloys before and after heat treatment at 900"C in air. The EDX is sensitive to the top 0.5~m of material, but not to low z elements such as O. Both the et-phase and & phase alloys were seen to double their Al content in the nearstrrface region upon heat treatment, probably due to the growth of an alumina layer. The addition of 0.5% atomic of a ternary component to the~-phase alloy enhanced this effect, yielding nearly 80'%0Al in the near surface. This ternary component furthermore was apparently partitioned in the oxide film since its signal did not change upon heat treatment. An example of the off-gas analysis is indicated in Figure 4 . The electronic absorption of C12is clearly measured near 330nm. This peak grew in over a 30-second period after starting a 5A current flow through a test cell with graphite electrodes. Given the flow rate of the purge gas, this peak represents a concentration in the effluent of about 3%. The expected production rate of C12at this current is about 4L/hr, and we could realistically measure levels about 40 times lower then that shown, giving us a detection limit of O.lL/hr for C12.
Angle-resolved XPS of the a-phase CUA1 is shown in Figure 5 .
The data are integrated XPS intensities for the Al (1s) and Cu (2p3,z) peaks measured at various angles from normal incidence (longer mean sampling depth) to 60 degrea from normal (shorter mean sampling depth, hence greater surface sensitivity). The data demonstrates clearly that the surface has segregated ahuninum. This effect can be understood as an expression of minimal surface free energy, and has been previously observed using other techniques on single crystal alloys [10] . Angle from Normal (degrees) Figure 5 . XPS Shows Al Surface Segregated in Clean Alloy.
*
Although the surface layer may be aluminum rich, the top 3u333 of materiat is initially copper dominated, presumably representative of the bulk composition, as shown in Figure 6 (grey curves).
Upon successive exposures to oxygen, the ahnninum and oxygen were seen to increase and the copper is diminished (not shown). Finally, the same sample was heat treated in air at 900"C for 4 hours. The curves in black show the final composition of the near surface region, which is at least 99% A1203. Results for the other aHoys studied were similar, with A1203 being the primary but not always the exclusive constituent of the surface. Initial depth-profile studies using SARISA and the XPS instruments yielded complimentary information about the composition and depth of the oxide films. The depths were typically 4-5nm regardless of heat treatment conditions, although there was considerable variability in A1/Cu content of the oxide. The XPS data consistently showed that the copper oxide in the film was CU20 when present.
SARISA was able to measure quantitatively the Cu content in the ahunina film, which was generally reduced but often as much as 50Y. of the bulk concentration. The ideal conditions for generating a relatively pure alumina layer were rapid heating and cooling to the 900"C treatment temperature in air.
We have also measured the diffusion rate of Al in the et-phase alloy under unpolarized, wet melt (worst case) conditions. In this case, the protective layer was rapidly lost and the surface became copper rich. A cross section measured by EDX shows a diffusion profile several microns deep into the alloy after only 30 seconds (see Figure 7 ). An exponential fit to this profile gives a diffusion constant of 10-10cm2/see,This implies that for a heat treated CUA1 alloy used as an anode, the surface can dissolve at up to Iprnkec (initially) before the dynamic reformation of the AlzOJ is compromised. In practice the dissolution rate should be much lower than this. Furthermore, for longer times, the implication is that significant quantities of aluminum can diffuse through long distances (mm) of the bulk alloy, driven by the aluminum depletion near the surface. 
Discussion
The results above show that while it is possible to grow a predominantly AlzOS layer on the surface of the dilute CttAl aIloys, there is often some fraction of CU20 present. It was observed in preliminrwy work that the nature of the alloy surface depends on the heat treatment conditions (temperature, oxygen level, and cooling rate). Previous studies showed that for the thermodynamically stable phase to form (Atz03, in this case), the temperature and oxygen level must be in a regime where the diffusion of aluminum to the surface is greater than or equal to the arrival rate of oxygen molecules. [11, 12] If the temperature is too low for a given oxygen environment (e.g. air), the rate of oxidation exceeds the aluminum diffusion flux, and the primary component (copper) will oxidize.
Future work '
Preliminruy cell tests have shown that we can electrowin Mg using a CUAI alloy anode. Stability and reproducibility remain concerns, since in some cases dissolution of copper was observed. We believe that the surface oxide in our initial tests is strained relative to the bulk metal, inducing cracks that lead to film breakdown. We plan to investigate the addition of ternary components to control the composition, thickness, and thermaI expansion properties of the oxide so that it can be more adherent and will not suffer breakdown.
Conclusion
We introduce the concept of an inert metal anode for Mg electrowinning in molten chloride baths. By controlling oxidation conditions during anode preparation, for example heating to a sufficiently high temperature, we were able to form pure A1203 passivating films on a &CuAl alloy. We expect that under certain cell conditions these films will protect the anode from dissolution, a e and slow etching of this layer should be followed by growth of 
